HC toxin, the host-selective toxin of the maize pathogen Cochliobolus carbonum, inhibited maize histone deacetylase (HD) at 2 pM. Chlamydocin, a related cyclic tetrapeptide, also inhibited HD activity. The toxins did not affect histone acetyltransferases. After partia1 purification of histone deacetylases HD1-A, HD1-B, and HD2 from germinating maize embryos, we demonstrated that the different enzymes were similarly inhibited by the toxins. lnhibitory activities were reversibly eliminated by treating toxins with 2-mercaptoethanol, presumably by modifying the carbonyl group of the epoxidecontaining amino acid Aeo (2-amino-9,1O-epoxy-8-oxodecanoic acid). Kinetic studies revealed that inhibition of HD was of the uncompetitive type and reversible. HC toxin, in which the epoxide group had been hydrolyzed, completely lost its inhibitory activity; when the carbonyl group of Aeo had been reduced to the corresponding alcohol, the modified toxin was less active than native toxin. In vivo treatment of embryos with HC toxin caused the accumulation of highly acetylated histone H4 subspecies and elevated acetate incorporation into H4 in susceptible-genotype embryos but not in the resistant genotype. HDs from chicken and the myxomycete Physarum polycephalum were also inhibited, indicating that the host selectivity of HC toxin is not determined by its inhibitory effect o n HD. Consistent with these results, we propose a model in which HC toxin promotes the establishment of pathogenic compatibility between C. carbonum and maize by interfering with reversible histone acetylation, which is implicated in the control of fundamental cellular processes, such as chromatin structure, cell cycle progression, and gene expression.
INTRODUCTION
Leaf spot of maize, caused by Cochliobolus (formerly Helminfhosporium) carbonum, is emerging as one of the better understood funga1 diseases of plants. Specificity in this disease is determined by the cyclic tetrapeptide HC toxin. Funga1 isolates that make HC toxin (known as race 1) are exceptionallyvirulent on maize that is homozygous recessive at the Hm locus. Maize that is heterozygous or homozygous dominant at Hm is 100-fold less sensitive to HC toxin and is resistant to C. carbonum lace 1 (Scheffer et al., 1967) .
HC toxin has the structure cyclo(D-Pro-L-Ala-D-Ala-L-Aeo), where Aeo stands for 2-amino-9,10-epoxy-8-oxodecanoic acid (Gross et al., 1982; Walton et al., 1982) . Production of HC toxin is controlled by a single genetic locus called TOX2. The TOX2 locus is large and complex, consisting, in part, of two copies of a gene encoding a 570-kD tetrapartite cyclic peptide synthetase Scott-Craig et al., 1992) . TOX2 also composes a gene, called TOXA, that encodes a putative membrane antibiotic efflux pump and a gene, called TOXC, that encodes a putative Aeo synthase (Walton et al., 1994) . These genes are all unique to toxin-producing isolates of To whom correspondence should be addressed at lnstitut für Mikrobiologie-Med. Fak., Fritz-Preglstrasse 3, A-6020 Innsbruck, Austria.
C. carbonum and lie on the same chromosome (Walton et al., 1994) .
The maize Hm gene encodes a carbonyl reductase . The product of Hm, HC toxin reductase, uses NADPH as a cofactor to reduce the 8-carbonyl moiety of the side chain of Aeo to produce the biologically inactive 8-hydroxy derivative (Meeley and Walton, 1991) . HC toxin reductase is found in extracts only of maize of genotype Hm/hm or Hm/Hm and is not detectable in maize of genotype hm/hm (Meeley et al., 1992) . Hence, detoxification of HC toxin is the basis of the specific reaction of maize to C. carbonum lace 1.
Understanding the basis of specificity leaves open the question of how HC toxin permits C. carbonum to parasitize sensitive maize. HC toxin is unlike other known phytotoxins from plant pathogens in that it is cytostatic rather than cytotoxic (Walton and Panaccione, 1993) . Because HC toxin is nontoxic, its role in disease cannot be simply to kill cells in advance of colonization. This is a frequently proposed biological rationale for toxins in pathogenesis (see Walton and Panaccione, 1993) . HC toxin inhibits cell division in mammalian cells and kills them slowly (Walton et al., 1985) ; it also stimulates uptake of nitrate and some other ions (Yoder and Scheffer, 1973) . Nondividing leaf mesophyll protoplasts incubated in HC toxin undergo only sÚbtle morphological changes and, over long periods of time, survive better than do control protoplasts (Wolf and Earle, 1991 Yoshida and Sugita (1992) reported that trapoxin, an analog of HC toxin with structure cyclo(L-Phe-L-Phe-D-Pip-L-Aeo), causes detransformation of sis-oncogene-transformed mammalian cells. Trichostatin, a chemically unrelated antibiotic, has the same effect. Trichostatin inhibits the enzyme histone deacetylase (HD), and a mammalian cell line resistant to trichostatin has an altered, insensitive HD (Yoshida et al., 1990) . Kijima et al. (1993) reported that trapoxin inhibits HD in mammalian cells. These findings suggested tous that HC toxin and other members of the Aeo-containing cyclic tetrapeptide family (Walton, 1990 ) might also inhibit HD; therefore, this enzyme might be the site of action of HC toxin in maize.
Here, we report that HC toxin and the related cyclic peptide
inhibit HD from maize, Physarum, and chicken. In this work, we separated and independently assayed inhibition by HC toxin of the three HD forms of maize in vitro. In addition, we demonstrated that in vivo HC toxin treatment causes accumulation of highly acetylated histone H4 subspecies in susceptible genotype embryos. A model of the interaction between C. carbonum and maize based on a role for HD in induction of active plant defense is presented.
RESU LTS
To analyze the effect of HC toxin and chlamydocin on HD, we used chromatin extracts from maize embryos at 72 hr after start of germination. HD activity was significantly inhibited by both HC toxin and chlamydocin ( Figure IA) . HC toxin or chlamydocin at a concentration of 5 pglmL ( 4 0 pM) caused a >50% inhibition of HD activity; 90% inhibition was achieved ata concentration of 50 pglmL ( Figure IA ). Maize HD that had been partially purified by anion exchange chromatography was even more sensitive, being >50% inhibited at 2 pglmL and >95% inhibited at 20 pglmL ( Figure 1B ). To see whether the different histone deacetylase forms of maize embryos responded differently to the compounds, we isolated chromatin and a soluble cellular fraction and separated the three histone deacetylases HD1-A, HD1-6, and HD2 by Q-Sepharose chromatography (Grabher et al., 1994) . Table   ~ ~~~ (Table 1) . Interestingly, the partially purified enzyme forms were even more sensitive toward the compounds, because ata concentration of 1 pg/mL they were inhibited by 75 to 80%. The apparent increased sensitivity of semipurified HD could be due to increased stability of HC toxin dueto more complete removal of HC toxin reductase (Meeley et al., 1992 HC toxin in which the epoxide ring had been hydrolyzed with acid ("hydrolyzed" HC toxin) or in which the 8-carbonyl group of Aeo had been reduced with sodium borohydride ("reduced" HC toxin) was prepared and tested for their ability to inhibit HD. As shown in Table 2 , hydrolyzed HC toxin had no inhibitory activity against maize HD2, whereas reduced HC toxin was much less active; even at a concentration of 100 pg/mL, the activity of HD2 was only inhibited to 52%. The inhibitory effects of HC toxin and chlamydocin on HD activity could also be prevented by preincubation of the toxins with 10 mM 2-mercaptoethanol. A control incubation of toxins in buffer without 2-mercaptoethanol did not change the inhibitory effect (results not shown). This inactivation is presumed to be dueto addition of 2-mercaptoethanol to the 8-carbonyl of Aeo, a reaction that should be facile and reversible (Fournier et al., 1978) .
To elucidate the type of inhibition, kinetic studies of HD2 were performed in the presence of HC toxin. The LineweaverBurk plots for O, 5, 10, and 20 pM HC toxin concentration (Figure 2) show that the inhibition was uncompetitive. This type of inhibition is characterized by the interaction of the inhibitor with the enzyme-substrate cornplex but not with the enzyme in the absence of bound substrate. To see whether the inhibition was reversible, we incubated partially purified HD1-A, HD1-B, or HD2 in the presence of histones with 5 pglmL of HC toxin for 6 hr. Aliquots were then dialyzed for 17 hr against buffer B (see Methods) without 2-mercaptoethanol and subsequently assayed for enzyme activity. Partially purified HD forms of maize were incubated with histones for 6 hr in the absence (control) or presence (HC toxin) of native HC toxin.
Immediately after incubation, enzyme activity was determined. An aliquot of the toxin-treated samples was dialyzed for 17 hr at 4°C against an excess of buffer B without 2-mercaptoethanol (dialysis) before enzyme activity was determined. Enzyme activity is expressed as a percentage of the control (average and so).
the inhibition was reversible. Interestingly, the extent of reversibility differed among the maize HD forms; enzyme activity of HD1-A was fully restored after this period of dialysis, whereas HD1-B and HD2 reached 40 and 67% of the control activity, respectively. Having identified HC toxin as a potent in vitro inhibitor of maize HDs, we studied the in vivo effect on core histone acetylation. Histone H4 was present in untreated 3-day-old maize embryos predominantly as nonacetylated and monoacetylated forms ( We also analyzed the incorporation of 3 H-acetate into H4
following in vivo treatment with HC toxin. Figure 5 shows that controls of both resistant genotype (Prl) and susceptible genotype (Pr) embryos incorporated 3 H-acetate into monoacetylated, diacetylated, and triacetylated isoforms. The percentages of these isoforms were quantitated (result not shown) as 67% monoacetylated, 23% diacetylated, and 10% triacetylated H4 in the resistant genotype and 65% monoacetylated, 26% diacetylated, and 9% triacetylated H4 in susceptible genotype embryos. In vivo treatment of embryos with HC toxin for 2 hr with subsequent in vivo labeling with 3 H-acetate resulted in a dramatic increase of acetate incorporation into highly acetylated H4 subspecies in the susceptible genotype but not in the resistant genotype ( Figure 5 ). The densitometric evaluation (result not shown in Figure) revealed 3% monoacetylated, 18% diacetylated, 34% triacetylated, and 45% tetraacetylated H4 subspecies, whereas the corresponding values in the resistant genotype embryos were practically unchanged in comparison with the control (72% monoacetylated, 19% diacetylated, and 9% triacetylated subspecies). HD preparations from other organisms were tested to determine whether the effect of HC toxin and chlamydocin was specific for HD from maize. HD activity from the myxomycete P. polycephalum was strongly inhibited by both HC toxin and chlamydocin ( Figure 6 ). Chicken erythrocyte HD was the most sensitive, being inhibited by 80% at the lowest HC toxin concentration tested (1 u.g/mL). HD from Physarum was almost as sensitive as maize, with 50% inhibition at 2 ng/mL of HC toxin ( Figure 6 ).
HC toxin and chlamydocin were tested for their effect on histone acetyltransferases. The addition of either toxin (up to 200 u.g/mL) to partially purified histone acetyltransferase B from maize had no effect on its activity (data not shown).
DISCUSSION
We show here that HC toxin and the related tetrapeptide chlamydocin are potent inhibitors of the histone deacetylases of maize, Physarum, and chicken erythrocytes. Our results are * "
•it 123 456 Three-day-old Pr1 (lanes 1 to 3; resistant genotype) and Pr (lanes 4 to 6; susceptible genotype) maize embryos were treated with 0 (lanes 1 and 4), 2 (lanes 2 and 5), and 1U (lanes 3 and 6) ng/mL of HC toxin for 15 hr. Histones were extracted and separated by acid-urea-Triton X-100 polyacrylamide gel electrophoresis, followed by staining of the gel with colloidal Coomassie blue. The position of nonacetylated (0), monoacetylated (1), diacetylated (2), triacetylated (3), and tetraacetylated (4) forms of histone H4 are indicated by arrowheads. The faint band migrating faster than nonacetylated H4 represents an oxidation product (oxidation of methionine) as a result of the procedure used for extraction and fractionation for core histones. Meristematic parts of the root of 72-hr-old Pr1 (lanes 1 and 2; resistant genotype) and Pr (lanes 3 and 4; susceptible genotype) embryos were sliced and incubated in the presence (lanes 2 and 4) and absence (lanes 1 and 3) of HC toxin (20 ng/mL) for 2 hr prior to labeling with 3 H-acetate for an additional 90 min. Histones were extracted and separated by acid-urea-Triton X-100 polyacrylamide gel electrophoresis, followed by fluorography. The positions of acetylated H4 subspecies (1 to 4, monoacetylated to tetraacetylated) are indicated. consistent with those of Kijima et al. (1993) , who found that trapoxin inhibits HD in mammalian cells. In contrast to their work, however, we found that inhibition of HD was reversible. The reason for this discrepancy is unclear but could be due to different structural properties of the active center of HDs from plants and mammalian cells. Considering their similar chemistries (Shute et al., 1988) and reciprocal biological activities in other assays (Walton et al., 1985; Wolf and Earle, 1991) , it is likely that all five members of the Aeo-containing cyclic tetrapeptide family act as inhibitors of HDs, perhaps in all species.
HD is half maximally inhibited by concentrations of HC toxin and chlamydocin between 0.5 and 2 ng/mL (Table 1 and Figure 1) . Root growth, nitrate uptake, chloroplast distribution, protoplast survival, and chlorophyll synthesis are half maximally affected by HC toxin at similar concentrations (Yoder and Scheffer, 1973; Walton et al., 1982 Walton et al., , 1985 Rasmussen and Scheffer, 1988; Wolf and Earle, 1991) . HC toxin in which the 8-ketone of Aeo has been reduced to an alcohol or in which the 9,10-epoxide of Aeo has been hydrolyzed to a diol is much less active in cellular and whole-plant bioassays (Walton and Earle, 1983; Kim etal., 1987; Meeley etal., 1992) and has greatly reduced activity against HD (Table 2) . It is particularly significant that 8-hydroxy HC toxin is much less active against maize HD than native HC toxin in light of the fact that the Hm gene of maize encodes HC toxin reductase, which converts HC toxin to 8-hydroxy HC toxin Meeley et al., 1992) .
Our in vivo experiments demonstrated that treatment of excised embryos with HC toxin leads to elevated levels of histone acetylation, as shown for histone H4. The comparison of susceptible and resistant maize strains revealed the clear host selectivity of HC toxin because neither accumulation of highly acetylated histone H4 isoforms nor incorporation of 3 H-acetate into highly acetylated H4 subspecies could be observed in the resistant-genotype (Pr1) embryos.
There is not enough known about the physiological effects of HC toxin to state unequivocally whether inhibition of HD is the sole site of action of HC toxin, although it is consistent with the available data. One of the most striking attributes that distinguishes HC toxin from other phytotoxins is that it does not kill cells. Although histones and post-translational histone modifications are clearly important for normal cell growth, several experiments indicate that disturbances in histone modification, particularly acetylation, are not lethal. Deletion of the N termini of histones H3, H4, H2A, and H2B in yeast is not lethal (Wallis et al., 1983; Kayne et al., 1988; Mann and Grunstein, 1992) . Mutation to arginine, glutamine, or glycine Chromatographic fractions with histone deacetylase activity were incubated with increasing concentrations of HC toxin (Physarum and chicken erythrocytes) and chlamydocin (Physarum). Enzyme activity is expressed as a percentage of the control.
of the acetylatable N-terminal core histone lysines is similarly nonlethal (Megee et al., 1990; Durrin et al., 1991; Mann and Grunstein, 1992) . lnhibition of HD with trichostatin and/or trapoxin causes detransformation of sis-oncogene-transformed human cells (Yoshida and Sugita, 1992) , induces differentiation of leukemic cells (Yoshida et al., 1985) , arrests the cell cycle of rat fibroblasts in G, and G P (Yoshida and Beppu, 1988) , and blocks starfish development at the early gastrula stage (Ikegami et al., 1993) ; in none of these systems does trichostatin or Aeo-containing cyclic peptides cause cell death.
If HD is the major site of action of HC toxin, how could its inhibition promote the development of a compatible disease interaction? This can be answered only in light of our knowledge of the role of histone acetylation and deacetylation in the growth and development of cells and, in particular, in their response to infection. The precise role of histone modifications, such as acetylation, in maintaining chromatin structure and regulating gene expression is still unclear (Loidl, 1988 (Loidl, , 1994 Turner, 1991) . The situation is complicated by the presence of multiple histone modifications and multiple histone acetyltransferases and HDs with different specificities López-Rodas et al., 1991 Loidl, 1994) , which are themselves subject to post-translational modification López-Rodas et al., 1993) . The effect of histone acetylation on gene expression is also dependent on the chromosomal location of the gene being studied (Thompson et al., 1994) and is influenced by the presence of promoter upstream elements and scaffold-attachment regions (Schlake et al., 1994) . The experimental evidence from work with yeast indicates clearly that the processes of histone acetylation and deacetylation are not essential for survival of cells. Although, in general, alterations in histones that affect histone acetylation have little effect on constitutive gene expression, they may have strong effects on the expression of inducible genes (Durrin et al., 1991) . In regard to the possibility that HD is the major or sole site of action of HC toxin, de novo gene expression is thought to be involved in all of the processes known to be sensitive to HC toxin. A complex developmental process such as root elongation perforce requires gene expression. Stimulation of nitrate uptake by HC toxin has not been shown to be due to increased nitrate reductase activity (Yoder and Scheffer, 1973) , but the nitrate transporters of Arabidopsis (Tsay et al., 1993) and Aspergi//us (Unkles et al., 1991) and their mRNAs are substrate induced and nitrogen metabolite repressed. Protoplasts incubated in simple high molarity medium undergo morphological and physiological changes similar to senescence, a developmental process requiring de novo gene expression (Thomas and Stoddart, 1980; Davies and Grierson, 1989) ; HC toxin prevents these changes from occurring (Wolf and Earle, 1991) . The step in chlorophyll biosynthesis that is blocked by HC toxin, Gaminolevulinic acid synthesis, is the sole light-inducible component of an otherwise constitutive pathway (Rasmussen and Scheffer, 1988) . HC toxin blocks production of a spore germination inhibitor that is induced in infected maize leaves (Cantone and Dunkle, 1990) and, in a host-selective manner, suppresses or stimulates incorporation of 3H-leucine into three or six polypeptides, respectively, in a host-selective manner (Ciufetti et al., 1995) .
Based primarily on work with plants, López-Rodas et al. (1993) have put forward a hypothesis that links early transcriptiOnal activation of genes to the specific deacetylation of defined chromatin regions. According to LÓpez-Rodas et al. (1993) , deacetylation would facilitate the binding to chromatin of regulatory proteins (e.g., transcription factors), many of which contain anionic (acidic) regions. In support of the hypothesis that it is deacetylation rather than acetylation that is proximally involved in gene induction, it has been demonstrated that butyrate and trichostatin, both inhibitors of mammalian HD, inhibit de novo gene expression and development (Johnston et al., 1992; Ormandyet al., 1992a Ormandyet al., , 1992b lkegami et al., 1993) .
Many new genes are induced in plants that are responding to pathogen attack. Infection-and stressinduced plant genes that have been characterized include those encoding p-1,3-glucanases and chitinases (pathogenesis-related proteins), hydroxyproline-rich glycoproteins, phytoalexin biosynthetic enzymes, and a number of other proteins with antibacterial, antiviral, antifungal, and unknown activities. Although most of these defense genes and their products have not been definitively evaluated for a role in resistance, active defense responses involving de novo gene expression are central to current models of plant resistance (Dixon and Harrison, 1990) .
Elicitors, pathogen-derived compounds that induce defense gene expression in plants, are widespread in nature. A large number and wide variety of compounds, including fungal cell wall fragments and common secreted fungal enzymes, have been shown to act as elicitors. In fact, elicitors are so widespread that it has been hypothesized that an essential attribute of all successful pathogens is the ability to suppress elicitation (Walton and Panaccione, 1993) . On the basis of the data presented here showing that HC toxin inhibits HD, an enzyme involved in the expression of inducible genes, we hypothesize that HC toxin acts as a suppressor of elicitor-activated defense responses by specifically inhibiting HD in its host, maize. As a result, the de novo induction of defense genes does not occur during infection, and colonization of the plant tissue by C. carbonum proceeds. This hypothesis, currently being tested, predicts that maize defense gene expression in response to elicitors should be blocked by HC toxin but that constitutive (housekeeping) genes should not. If this proves to be the case, perhaps HC toxin will be useful for understanding which defense genes are actually important for the resistance of maize to pathogen attack.
METHODS

Organism and Culture Conditions
Maize (Zea mays line M320, Hm/hm, lnstitute ot Genetlcs, Bulgartan Academy of Sciences, Sofia, Bulgaria, inbred Prl and inbred Pr were a gift of P.H. Sisco, U.S. Department of Agriculture Research Service, North Carolina State University, Raleigh) seeds were used; Prl and Pr were only used for experiments shown in Figures 4 and 5. Seeds were germinated in darkness for 72 hr on cotton layers soaked with water at 28%. Whole seedlings were harvested into liquid nitrogen for chromatin preparation (Steinmüller and Apel, 1986; Grabher et al., 1994) .
Exponentially growing microplasmodia of the acellular myxomycete Physarum polycephalum (strain M3b, a Wisl isolate) were cultivated in semidefined nutrient medium at 26% under reciproca1 shaking as described by Daniel and Baldwin (1964) .
Toxins HC toxin was isolated following a modification of the protocol described by Walton et al. (1982) . Cochliobolus carbonum race 1 (American Type Culture Collection 90305) was cultured on V8 agar plates for 7 to 9 days. Small pieces of colonized agar (-0.5 cm2) were used to inoculate a total of 4 L of HMT medium (van Hoof et al., 1991) . HC toxin was purified from 21-day-old still cultures by CHCI3 extraction and reversed phase chromatography (Walton et al., 1982) .
Reduced HC toxin was prepared by modifying the protocol of Kim et al. (1987) . Briefly, 10 mg of dry toxin was added to 20 mg NaBH, in 5 mL of dry methanol and incubated at room temperature for 24 hr. Distilled water was added (40 mL), and the aqueous solution was extracted six times with 20 mL of chloroform each time. Extracts were combined, dried with anhydrous magnesium sulfate, and filtered. The powder was brought nearly to dryness under nitrogen and then to complete dryness under vacuum.
Hydrolyzed toxin was prepared as described by Ciuffetti et al. (1983) . Briefly, 10 mg of toxin was dissolved in 5 mL of glacial acetic acid, incubated at room temperature for 4 hr, and then diluted with 20 mL of distilled water. The aqueous solution was extracted with chloroform, as described for the reduced toxin above.
Chlamydocin was isolated and purified according to the procedure of Closse and Huguenin (1974) . Purity of toxins and derivatives was determined by HPLC and thin-layer chromatography compared with known standards.
Enzyme Extraction and Chromatography
Frozen seedlings of maize were ground to powder in a mortar. Chromatin was prepared as described by Steinmüller and Apel(1986) . Briefly, frozen tissue powder (5 g) was suspended in 20 mL of homogenization buffer (20 mM Tris-HCI, pH 7.8, 5 mM MgCI2, 5 mM KCI, 0.25 M sucrose, 0.25% [vlv] Triton X-100, 0.1% [v/v] 2-mercaptoethanol, 40% [v/v] glycerol) at -2OOC. The mixture was stirred until the temperature reached -1OOC and was filtered consecutively through 200-and 100-pm (pore size) nylon membrane. After centrifugation at 10, OOOg for 15 min at OOC, the supernatant was decanted and saved. This supernatant contained soluble cytoplasmic as well as soluble nuclear proteins and was the source for histone deacetylase HD1-A. The pellet was washed twice in homogenization buffer (10 mL each, with a centrifugation step at 60009 for 15 min at 4OC) and resuspended in 10 mL of buffer B (15 mM Tris-HCI, pH 7.9, 10 mM NH4CI, 0.25 mM EDTA, 10 mM 2-mercaptoethanol, 10% [v/v] glycerol). The solution was stirred for 2 hr at 4OC and subsequently centrifuged for 15 min at 12,0009. The resulting supernatant was referred to as "chromatin" fraction and was the source for histone deacetylases HD1-B and HD2. Both supernatants (soluble and chromatin) were subjected to O-Sepharose (Pharmacia-Biosystems. Uppsala, Sweden) fast performance liquid chromatography for separation of histone deacetylases.
Samples (soluble and chromatin) were filtered through 0.22-pm millipore filters and loaded onto a Q-Sepharose column (PharmaciaBiosystems). Proteins were eluted with a linear gradient of NH,CI (0.01 to 0.5 M) in buffer B. Fractionsof 1.2 mL were collected. Peakfractions of histone deacetylases HD1-A, HDl-B, and HD2 were either analyzed separately or (for some experiments) were combined.
HD activity of Physarum polycephalum was extracted from microplasmodia and extracts were subjected to DEAE-Sepharose CL-6B chromatography (Pharmacia-Biosystems) as described previously (López-Rodas et al., 1992) .
To prepare histone deacetylases from chicken erythrocytes, 40 mL of whole blood was mixed with an equal volume of SSC (25 mM sodium citrate, 0.14 M NaCI, 10 mM Tris-HCI. pH 7.1). Blood cells were washed with SSC and centrifuged for 5 min at 10009 at 4%. This wash was repeated severa1 times until the supernatant was clear. Finally, the pellet was resuspended in 10 volumes of buffer B containing 1 M NH4CI and 0.25% Triton X-100. The mixture was first suspended with a Potter Elvehjem glass-Teflon homogenizer (Sigma) and then homogenized in an Ultraturax (Janke and Kunkel, Staufen, Germany) for 30 sec on ice. The homogenate was stirred for 30 min and then centrifuged for 65 min at 130,OOOg. The supernatant was dialyzed for 4.5 hr (three changes) against an excess of buffer B. The dialysate was loaded onto a Q-Sepharose fast-flow column. Proteins were eluted with a linear NH4CI gradient (0.01 to 0.5 M). Fractions with enzymatic activity were pooled and subjected to Resource-Q fast performance liquid chromatography (Pharmacia) using a linear salt gradient (0.01 to 0.5 M NH4CI) for elution. Fractions containing the histone deacetylase activity were pooled and used for toxin experiments.
HD Assay
HD activity was determined as described by Sendra et al. (1988) using 3H-acetate-labeled chicken erythrocyte histones (Ferenz and Nelson, 1985) as substrate. Aliquots of 25 pL in buffer B were mixed with 10 pL of total 3H-acetate-prelabeled histones (1.5 mg/mL). This mixture was incubated at 3OoC for 20 min. The enzyme reaction is linear for at least 1 hr under these conditions. The reaction was stopped by addition of 36 pL of 1 N HCI, 0.4 M acetate, and 0.8 mL of ethyl acetate. After centrifugation at 84009 for 5 min, an aliquot of 600 pL of the upper phase was counted in 3 mL of liquid scintillation cocktail. Unless otherwise stated, for routine assays, toxins were preincubated with enzyme for 5 min prior to the start of the enzymatic reaction.
In Vivo Treatment of Germinating Maize Embryos with HC Toxin Maize seeds (inbred Prl and inbred Pr) were surface-sterilized for 10 min in a solution of 0.5% NaCIO, and 0.02% Tween 20 and thoroughly rinsed with sterile distilled water. Seeds were then soaked in sterile water for 4 hr and germinated on moist paper towels for 60 to 72 hr. Embryos (50 per treatment) were excised, placed in nutrient solution (Odvody and Dunkle, 1979) containing 1% sucrose, 200 pg/mL chloramphenicol, and various concentrations of HC toxin, and incubated with continuous aeration for 15 hr. Following treatment, the solution was removed and the embryos were frozen at -2OOC.
For 3H-acetate incorporation studies, meristematic parts of the roots of 72-hr-old seedlings were sliced and incubated as described earlier . Briefly, sliced tissue was incubated in incubation medium (4 mM magnesium acetate, 5 mM Mes, pH 6.2) containing cycloheximide (40 FglmL) in the presence or absence of 20 WglmL of HC toxin for 2 hr. The cycloheximide prevents the cotranslational incorporation of 3H-acetate into core histones. Subsequently, 3H-acetate (10 mCilmL) was added and the incubation was continued for 90 min at 25OC. After extensive washing, nuclei were isolated and histones were extracted .
Preparation and Electrophoretic Analysis of Maize Histones
Total nonlabeled maize histones were purified from 3-day-old maize embryos as previously described (Waterborg, 1990) . Lyophilized histones were dissolved in 8 M urea and 50 mM DTT, which was brought to 0.75 M ammonium hydroxide and 0.05% phenolphthalein and allowed to incubate for 5 min, and then acidified with one-twentieth volume of glacial acetic acid. The histone solution was then clarified by centrifugation at 14,0009 for 5 min and injected onto a 4.6-mm x 25-cm C4 reverse-phase column (214TP54; Vydac, Hesperia, CA) equilibrated with 70% buffer A (0.1% trifluoroacetic acid) and 30% buffer B (0.1% trifluoroacetic acid in acetonitrile). The column was developed with 30% buffer B for 5 min. a 60-min gradient from 30 to 60% buffer B, a 5-min gradient from 60 to 100% buffer 8, and a 5-min gradient from 100 to 30% buffer B. The column was reequilibrated in 30% buffer B for 15 min between runs. The fractions containing histone H4 were pooled, lyophilized, and dissolved in the same buffer described above for total histones, with the addition of methylene blue to 0.0050/0. Acid-urea-Triton X-100 gel electrophoresis was performed as previously described (Waterborg et al., 1987) . Gels were stained with colloidal Coomassie Brilliant Blue G 250 as described by Neuhoff et al. (1988) .
In case of W-acetate labeling, histones were separated by acidurea-Triton X-100 gel electrophoresis in the presence of 6 M urea (Zweidler, 1978) with subsequent fluorography (Bonner and Laskey, 1974) . lncorporated radioactivity was quantitated from fluorograms by densitometric analysis.
